The transcription factor Kruppel-like factor 4 (KLF4) has the ability, along with other factors, to reprogram somatic cells into induced pluripotent stem (iPS) cells. Here, we determined that KLF4 is expressed in kidney glomerular podocytes and is decreased in both animal models and humans exhibiting a proteinuric. Transient restoration of KLF4 expression in podocytes of diseased glomeruli in vivo, either by gene transfer or transgenic expression, resulted in a sustained increase in nephrin expression and a decrease in albuminuria. In mice harboring podocyte-specific deletion of Klf4, adriamycin-induced proteinuria was substantially exacerbated, although these animals displayed minimal phenotypical changes prior to adriamycin administration. KLF4 overexpression in cultured human podocytes increased expression of nephrin and other epithelial markers and reduced mesenchymal gene expression. DNA methylation profiling and bisulfite genomic sequencing revealed that KLF4 expression reduced methylation at the nephrin promoter and the promoters of other epithelial markers; however, methylation was increased at the promoters of genes encoding mesenchymal markers, suggesting selective epigenetic regulation of podocyte gene expression. Together, these results suggest that KLF4 epigenetically modulates podocyte phenotype and function and that the podocyte epigenome can be targeted for direct intervention and reduction of proteinuria.
Introduction
Kruppel-like factor 4 (KLF4; also known as gut-enriched Kruppellike factor [GKLF] ) is a zinc finger-containing transcription factor that is expressed primarily in epithelial cells of organs such as the gut, skin, lungs, and testes (1) (2) (3) . In the gut, KLF4 is essential for differentiating among goblet cells in the colon (2) . KLF4 is highly expressed in the skin, and mice with a deletion in the Klf4 gene die shortly after birth, presumably due to the loss of skin-barrier function (3) . KLF4 is also known to induce differentiation and to act as a tumor suppressor in several cancer cell types (4) . Currently, few reports detail the role of KLF4 in the kidney, with an exception reporting a putative role in the process of nephron differentiation in embryonic kidneys (5) .
The importance of KLF4 in cell biology was underscored by the recent finding that ectopic expression of KLF4 with 3 other pluripotent reprogramming factors (OCT4, SOX2, and c-MYC) was sufficient to drive the reprogramming of somatic cells into induced pluripotent stem (iPS) cells (6) (7) (8) (9) . Subsequent studies indicated that the 3-factor combination of KLF4, OCT4, and SOX2 was also effective in inducing cell reprogramming (10, 11) . It has been suggested that this reprogramming results from the concerted activation of a mesenchymal-epithelial transition (MET) program by pluripotent factors and that KLF4 contributes by activating the expression of epithelial genes during the initial phase of reprogramming (12) . Currently, the mechanisms by which KLF4 regulates epithelial marker gene expression and induces phenotypic changes are unknown.
Previously, we reported that transient treatment of high-dose angiotensin receptor blockers (ARBs) caused a sustained decrease in albuminuria in a mouse adriamycin (ADM) nephropathy model (13) . To investigate the sustained effects of the transient treatment, we examined the kidney gene expressions of these mice. We found that KLF4 was expressed in adult mouse kidneys and that its expression was altered by the treatment. These results suggested a previously unrecognized function of this reprogramming factor in the adult diseased kidney. Here, we report that KLF4 is highly expressed in kidney podocytes and that its expression is decreased in proteinuric states in both animal models and humans. Restoration of KLF4 expression in diseased glomeruli in vivo by gene transfer or by transgenic expression resulted in restoration of the nephrin expression and the attenuation of proteinuria. Although the deletion of Klf4 in podocytes presented minimal phenotypical changes at baseline, the ADM-induced proteinuria was significantly exacerbated in the Klf4 KO mice, as compared with the control mice. Further studies on the mechanisms of these changes suggest that KLF4 exerts control of the podocyte phenotype by a gene-specific methylation of epithelial and mesenchymal genes. The podocyte epigenome, therefore, may be a potential new therapeutic target for the attenuation of proteinuria.
in both mouse and human kidneys, suggesting the presence of KLF4 in both the nucleus and the cytoplasm of podocytes ( Figure  1B ). Immunoelectron microscopy confirmed staining in both the nucleus and the cytoplasm of podocytes ( Figure 1C ).
We next examined the expression of KLF4 in different animal models of proteinuria. For the ADM nephropathy model, we performed experiments in 2 different strains of mice (BALB/c and C57BL/6J) ( Figure 1 , D and E, and Supplemental Figure 1 , A and B; supplemental material available online with this article; doi:10.1172/JCI69557DS1). We titered the dose of ADM, using a dose of 11 mg/kg in the BALB/c strain and 18 mg/kg in the C57BL/6J strain to produce a significant increase in proteinuria (13) (14) (15) (16) . Serum creatinine (Cr) in the BALB/c strain was significantly increased in ADM-treated mice compared with controls (Cr in control mice: 0.62 ± 0.01 mg/dl; in ADM-treated mice: 0.79 ± 0.02 mg/dl, P < 0.05), whereas the serum Cr in the C57BL/6J strain did not change significantly with ADM treatment (Cr in control mice: 0.48 ± 0.08 mg/dl; in ADM-treated mice: 0.45 ± 0.04 mg/dl). In both strains, we found that the expression of KLF4 was decreased after ADM treatment, which was accompanied by an attenuation in nephrin expression. A similar decrease in KLF4 and nephrin expression and an increase in proteinuria were confirmed in 2 other animal models: the puromycin aminonucleoside (PAN) nephropathy model and the db/db diabetic nephropathy (DN) model (Figure 1 , F and G, and Supplemental Figure 1, C and D) .
To examine the expression of KLF4 in human glomerular diseases, we performed immunofluorescence staining on renal biopsy samples from patients with proteinuric glomerular diseases (minimal change disease [MCD] , focal segmental glomerulosclerosis [FSGS] , and DN) ( Figure 1H ). The clinical data of these patients are shown in Supplemental Table 1 . We found decreased glomerular expression of KLF4 in the patients with MCD, FSGS, and DN when compared with normal kidney controls.
Restoration of podocyte KLF4 expression in diseased glomeruli attenuates proteinuria. We next examined the effects of the restoration of KLF4 expression in diseased glomeruli with reduced KLF4 expression. First, we performed in vivo gene transfer of Klf4-containing plasmids in BALB/c mice that had been pretreated with ADM, using a hydrodynamic-based gene transfer method described by Liu et al. (ref. 17 and Supplemental Figure 2A ). This method, using rapid injection of a large volume of DNA solution into the tail vein, is known to produce substantial exogenous DNA in the circulation through an efficient gene transfer into several tissues, including kidney podocytes, with a peak at 8 to 16 hours and substantial clearance after 6 days (15, 17) . The efficacy of this genetransfer method for targeting podocyte injury and attenuating proteinuria has been confirmed by other groups (15, 16, 18) . We confirmed that the gene transfer of Klf4 resulted in the increased expression of the podocyte KLF4 at 1 day after injection by performing immunofluorescence studies (Supplemental Figure 2B) . By the seventh day, KLF4 expression returned to the same level as before the plasmid injection, but the increased expression of nephrin and the reduction of urine albumin were maintained for longer duration (Supplemental Figure 2 , B and C). Serum Cr was also decreased by gene transfer of Klf4 at 2 weeks after plasmid injection (Cr in control mice: 0.78 ± 0.02 mg/dl; in the Klf4 gene transfer mice: 0.70 ± 0.02 mg/dl, P < 0.05). Quantification of foot process effacement revealed a significant decrease in the mice that had received the Klf4 gene transfer compared with vector controls (Supplemental Figure 2D ). However, a significant difference could not be detected in the PAS-stained area or in the number of WT1-positive podocytes (Supplemental Figure 2 , E and F).
To confirm the reproducibility of these findings, we also performed gene-transfer experiments in the C57BL/6J strain of mice (Supplemental Figure 3A) . As in the BALB/c strain, the podocyte KLF4 expression in both the protein and the mRNA was increased at 1 day after injection, after which it decreased to basal levels. Increased expression of nephrin and other epithelial markers (podocin, synaptopodin) and the attenuation of proteinuria were similarly observed after KLF4 expression had normalized (Supplemental Figure 3, B-F) .
Confirmatory experiments were also performed in the db/db mouse model of DN (Supplemental Figure 4A ). Gene transfer of Klf4 resulted in an increase in nephrin expression and an attenuation of proteinuria (Supplemental Figure 4 , B and C) without a significant change in the PAS-stained area and the number of WT1-positive podocytes (Supplemental Figure 4 , D and E), which was consistent with the results for the ADM nephropathy model.
To confirm that the transient upregulation of KLF4 exerts prolonged effects on podocyte function, we next constructed mice with inducible and podocyte-specific overexpression of KLF4, using the tetracycline-inducible Tet-On gene induction system (Figure 2A ). The mice were generated by intercrossing podocinrtTA TetO mice (herein referred to as Pod/-) with pTRE-Klf4 mice to produce a double-transgenic strain, which responds to doxycycline (Dox) administration with increased podocyte-specific expression of KLF4 (podocin-rtTA TetO Klf4). Experiments established that Dox administration caused the increased expression of KLF4, which was colocalized with the podocyte marker nephrin, but not the endothelial marker vWF or the mesangial marker desmin. This confirmed the podocyte-specific overexpression of KLF4 in these transgenic mice ( Figure 2B ). It was found that the transient induction of KLF4 in glomerular podocytes in ADM-treated mice for a period of 4 weeks resulted in an increase in nephrin expression and a decrease in albuminuria, which continued even after the return of KLF4 protein and mRNA expression to basal levels by cessation of Dox administration (Figure 2 , C-E). Further experiments confirmed that a sustained increase in the epithelial markers podocin and synaptopodin was also observed after Dox administration, with an opposite trend for the mesenchymal marker vimentin ( Figure 3A and Supplemental Figure 5 ). These results suggested a long-term shift from a mesenchymal phenotype toward an epithelial phenotype of podocytes in these Klf4-transgenic mice. Furthermore, long-term follow-up revealed a sustained decrease in podocyte foot process effacement in the podocytes of the transgenic mice compared with controls ( Figure 3B ) without a significant change in PAS-stained area ( Figure 3C ).
Podocyte-specific Klf4 deletion mice are more susceptible to ADM nephropathy. We next generated podocyte-specific Klf4 KO (podicin-Cre Klf4 flox/flox , herein referred to as Klf4 KO) mice to determine the physiological role of KLF4 in podocytes ( Figure 4A ). In the Klf4 KO mice, KLF4 expression was decreased to about half that of the WT mice when we examined the kidney cortex as a whole. Nephrin expression seemed to decrease, but it did not attain a significant difference ( Figure 4 , B and C). Variances in the gross morphology of the kidney were not detected in the Klf4 KO mice when compared with WT mice. We were unable to detect a significant difference in a basal level of protein in the urine; however, the ADM-induced proteinuria was significantly exacerbated in the Klf4 KO mice ( Figure 4D ).
To discern why the knockdown of Klf4 did not change the amount of proteinuria at baseline, we investigated KLF15 expression in the Klf4 KO mice, as KLF15 has been recently reported as expressed in podocytes as a transcriptional regulator of podocyte differentiation (19) . In the Klf4 KO mice at baseline, KLF15 expression was increased in glomeruli. On the other hand, in the ADM nephropathy of the Klf4 KO mice, a more profound decrease in KLF4 without the increase of KLF15 expression was accompanied by a decrease in nephrin expression and an increase in albuminuria compared with WT controls ( Figure 4E ).
KLF4 expression induces epithelial cell markers in cultured podocytes. To examine the mechanisms of the KLF4-induced reduction of albuminuria, in vitro studies were performed using cultured human podocytes. Western blot analysis confirmed that KLF4 expression was readily detectable in differentiated podocytes (Figure 5A ). In these podocytes, overexpression of KLF4 was found to result in several morphological changes, which included a change to a more arborized morphology together with reorganization of the actin cytoskeleton ( Figure 5B ). These changes were accompanied by the enhanced protein expression of the epithelial cell markers nephrin, podocin, P-cadherin, and WT1; however, the expression of mesenchymal markers α-SMA and vimentin decreased ( Figure 5 , C and D). Similar results were found for mRNA expression ( Figure 5E ).
We next performed in vitro albumin permeability experiments using the KLF4-overexpressing podocytes. We found that overexpression of KLF4 resulted in a small but significant decrease in the in vitro passage of fluorescent-labeled albumin ( Figure 5F ). The difference became more marked in podocytes that had been pretreated with ADM at a dose that caused increased albumin permeability of the podocytes without causing increased cell toxicity ( Figure 5G ).
Next, we examined why the antiproteinuric effects of KLF4 were maintained after transient overexpression of KLF4, using the TetO transient overexpression system in cultured human podocytes. As shown in Supplemental Figure 6 , the addition of Dox to the culture system resulted in enhanced expression of KLF4 accompanied by increased expression of the epithelial marker nephrin, whereas the expression of mesenchymal markers α-SMA and vimentin was decreased. Interestingly, the removal of Dox reduced the expression of KLF4, but did not change the levels of marker proteins. Moreover, the arborized morphology of the KLF4-induced podocytes persisted after the removal of Dox.
Knockdown of KLF4 expression caused an increase in albumin permeability in cultured podocytes with ADM treatment. To examine the effect of KLF4 knockdown in cultured podocytes, we performed experiments using siRNA transfection. Reduction of KLF4 expression resulted in a marginal change to a less arborized morphology (Figure 6A) . However, the changes in gene expression of the epithelial and mesenchymal markers did not attain statistical significance. KLF15 was significantly increased in podocytes with KLF4 knockdown ( Figure 6B ). In ADM-treated podocytes, KLF4 knockdown caused decreased expression of KLF4 and nephrin without an increase in KLF15 ( Figure 6C ). In the fluorescence-labeled albumin permeability assay, no significant differences were observed in KLF4 knockdown podocytes without ADM treatment, whereas increased albumin permeability was observed in KLF4 knockdown podocytes with ADM treatment (Figure 6 , D and E).
KLF4 expression causes DNA demethylation of the nephrin promoter and methylation of the vimentin promoter in podocytes. The sustained effect of KLF4 overexpression suggests the hypothesis that KLF4 can exert epigenetic control over the podocyte phenotype. One potential mechanism of epigenetic regulation is promoter region DNA methylation/demethylation. We performed a genome-wide analysis of promoter methylation using a microarray-based DNA methylation-profiling system, which suggested that KLF4 overexpression was associated with gene-specific changes in promoter methylation (Supplemental Figure 7) . In particular, methylation of the promoter regions of epithelial genes such as nephrin was reduced, whereas the DNA methylation of the corresponding regions in mesenchymal genes was increased.
To confirm the results of the methylation-profiling microarray for nephrin, which was the epithelial marker with the greatest changes in promoter methylation, we reexamined the methyla- tion of CpG sites included in the array, qualitatively using methylation-specific PCR (MSP) and quantitatively using the bisulfite genomic sequence (BGS) method. The analyzed region is presented in Supplemental Figure 8 , and 5 CpGs (CpG 1-5) were included in the region. CpG sites CpG2 and CpG4 were incorporated in the HumanMethylation450 DNA Analysis BeadChip used in the methylation-profiling microarray. Interestingly, examination of the promoter DNA sequence adjacent to these sites revealed a sequence (designated KLF4-response element [KRE] ) that was almost identical to the putative KRE consensus sequence (G/A) C(G/A)CC(C/T)(C/T) (20) . Both methylation assays confirmed that there was increased demethylation of the CpG nucleotides in the nephrin promoter region of the KLF4-overexpressing cells, particularly at CpG sites 2-4, which were adjacent to the KRE ( Figure 7, A and B) . For comparison, we also performed BGS analysis of the promoter region of the mesenchymal gene vimentin in which 7 CpG sites (CpG 1-7) were included (Supplemental Figure 8 ) and confirmed that promoter methylation was increased in a region in the vicinity of the KRE in clear contrast to the results for nephrin ( Figure 7C ).
The effect of methylation/demethylation of the nephrin promoter region was examined further using a CpG-free plasmid vector system. First, the nephrin promoter region was cloned into the CpG sequence free promoter plasmid (pCpGfree-promoter), which lacks intrinsic CpG sequences in the vector, allowing direct examination of the effects of promoter methylation on promoter activity. The nephrin promoter plasmid DNA was then treated with or without bacterial methylase SssI to induce promoter methylation at CpG1-5. Analysis of the nephrin promoter activity revealed that the activity was decreased in the methylated samples compared with the unmethylated controls ( Figure 7D ), suggesting that promoter methylation of the investigated region plays a functional role in the control of nephrin promoter activity.
We then investigated the effect of KLF4 on the methylation status of the nephrin promoter in vivo by MSP analysis of lasermicrodissected glomeruli. Transient overexpression of KLF4 induced the demethylation of nephrin promoter, and it was sustained after cessation of KLF4 induction, as shown in Figure 7E . In the Klf4 KO mice, Klf4 deletion did not alter the methylation status of the nephrin promoter; however, the increase in methylation of the nephrin promoter by ADM treatment was significantly potentiated in the Klf4 KO mice ( Figure 7F ). The results in Klf4 KO mice were confirmed with in vitro KLF4 knockdown experiments ( Figure 7G ). Moreover, single knockdown of KLF4 or KLF15 in a basal state of cultured podocytes did not induce a significant change in methylation of the nephrin promoter region, whereas knockdown of both KLF4 and KLF15 induced significant methylation of the region ( Figure 7H) .
To investigate the potential mechanisms of KLF4-induced changes in nephrin and vimentin promoter methylation, we examined the involvement of DNA methyltransferases (DNMTs) in ChIP analysis. It revealed that DNMT1 bound to the nephrin promoter region and was significantly reduced in KLF4-overexpressing podocytes, but binding of DNMT1 was not clearly detectable in the vimentin promoter or control (Supplemental Figure 9A) . Binding of DNMT3a and DNMT3b could not be detected in either the nephrin or vimentin promoters using this assay (Supplemental Figure 9B) .
We next investigated the expression of the acetylated histone protein acetyl-H3K9, which has been previously reported to be decreased in the glomeruli of mice with ADM nephropathy (21) . When we examined the interactions of acetyl-H3K9 with different promoter regions by ChIP, assays revealed that KLF4 overexpression significantly increased acetyl-H3K9 associated with the nephrin promoter region containing the KRE, whereas H3K9 acetylation was clearly decreased in the vimentin promoter (Supplemental Figure 9C) .
KLF4 expression increases nephrin promoter activity in podocytes. Finally, to investigate the role of KLF4 as a transcriptional factor in the nephrin promoter region containing the KRE, we performed deletion studies using luciferase reporter constructs containing nephrin promoter regions -1884 to +156 (a), -767 to -377 (b) or -520 to +280 (c) relative to the transcription start site (TSS) ( Figure 8A ). We observed significant increases in luciferase activity in KLF4-overexpressing podocytes with reporter constructs a and b, but not c. This indicates that KLF4 induced a direct increase in nephrin promoter activity within region b, which contains the KRE ( Figure 8B ). To confirm that this nephrin promoter region was able to bind to KLF4, we performed ChIP analysis using an anti-KLF4 antibody. It was found that KLF4 overexpression was associated with increased binding of KLF4 to the same region (region b) of the nephrin promoter ( Figure 8C) . Furthermore, deletion studies confirmed that deletion of the KRE resulted in a reduction of nephrin promoter activity ( Figure 8D ), and attenuation of the DNA-nuclear protein binding activity of this region on EMSA ( Figure 8E ).
Discussion
In this study, we demonstrate that KLF4 is expressed in kidney podocytes and that its expression is decreased in proteinuric states. Concerning the localization of KLF4 in the podocyte, the data from both immunofluorescence double staining and immunoelectron microscopy suggest that KLF4 is expressed in both the nucleus and cytoplasm. Similar results were found with 2 commercial antibodies. A similar expression pattern of KLF4 in both the nucleus and cytoplasm has been reported in other tissues (22, 23) . It has been suggested that KLF4 is stored in the cytoplasm and translocates to the nucleus after stimulation (23), which would explain why both nuclear and cytoplasmic staining were observed.
We have shown that the transient restoration of KLF4 in diseased glomeruli in vivo, by gene transfer and by transgenic overexpression, results in the restoration of podocyte phenotypes and the attenuation of proteinuria. We performed these experiments on multiple animal models to confirm the reproducibility of our findings. In particular, the ADM nephropathy model was per- formed using 2 different strains of mice (BALB/c and C57BL/6J). Although studies that characterize the ADM nephropathy model first used the BALB/c strain (14) , several laboratories have reported that a higher dose of ADM also results in proteinuria in the C57BL/6J and mixed strains (13, 15, 16, 24) , and we found that good concordance was obtained in the results from both strains.
We next investigated whether reduced KLF4 expression in itself could cause proteinuria directly, using engineered mice with a podocyte-specific targeted deletion of Klf4. The reduction of KLF4 caused minimal phenotypical changes at a baseline, but the reduced expression of KLF4 aggravated podocyte dysfunction in ADM nephropathy. Therefore, we examined the possibility that other KLF family members have overlapped roles with respect to KLF4 in the basal state. Interestingly, a recent study revealed that KLF15 is a key regulator of the podocyte phenotype (19) . We observed the changes in KLF15 expression with KLF4 knockdown in podocytes, which suggests that the complementary effects of KLF4 are also found in the actions of KLF15, which may protect against the development of proteinuria at baseline. In the ADM nephropathy model in Klf4 KO mice, a more profound decrease in sites that were immediately adjacent to a putative KRE sequence were clearly demethylated by KLF4 overexpression. Moreover, in the knockdown experiments of KLF4 and/or KLF15 in cultured podocytes, the result of DNA methylation status in the nephrin promoter was compatible with the in vivo phenotype and the relationship between KLF4 and KLF15.
Concerning the mechanism of DNA demethylation in the nephrin promoter, we examined binding of DNMTs to the nephrin promoter. We found that DNMT1 binding was reduced at the nephrin promoter region that was demethylated by KLF4 overexpression. We next examined histone acetylation at this region and found that KLF4 expression was associated with increased acetylation of histone H3K9 at the nephrin promoter, whereas acetylation at the vimentin promoter was conversely decreased. Recent studies have shown that epigenetic mechanisms play an important role in the control of cell differentiation and function (26, 27) and both DNA methylation/ demethylation and histone posttranslational modifications may be involved in the initiation of nuclear reprogramming toward pluripotency in human somatic cells (28) . Although the exact mechanisms are unclear, increased acetylation of histones associated with the promoter region of a particular gene is thought to cause decreased promoter methylation and increased expression of that gene (27, 29) . KLF4 without increased KLF15 could lead to increased albuminuria compared with WT controls. Further studies are required to examine how KLF4 acts synergistically with KLF15 and/or other members of the KLF family to regulate podocyte function.
Concerning the mechanism of regulation in podocyte phenotype by KLF4, we focused on epigenetic change in the genes regulating podocyte phenotype and function because of our observation that transient KLF4 overexpression in podocytes had sustained effects in vitro and in vivo. We found that KLF4 overexpression resulted in increased expression of epithelial markers; these changes were accompanied by a decrease in promoter methylation in several epithelial genes, which contrasted with an increase in promoter methylation in mesenchymal marker genes, suggesting gene-specific epigenetic control of the podocyte phenotype by KLF4.
Because nephrin is an important component of the slit membrane and downregulation of nephrin is known to cause proteinuria (25), we examined the molecular mechanisms of the KLF4-induced demethylation of the nephrin promoter. We confirmed that KLF4 expression resulted in decreased methylation of the nephrin promoter using 3 different assays (DNA methylation microarray, MSP, and BGS). Close examination of the changes in methylation of different CpG binucleotides revealed that CpG methylation, promoter activity, and ultimately cellular form and function. Although our studies were performed on kidney podocytes, these results may also be important for understanding the potency of KLF4 in cell reprogramming for other cell types, including iPS cells.
These results support the hypothesis that KLF4 induces genespecific methylation/demethylation of different target genes, which involves differential association of acetylated histones and DNMTs to the promoter regions. This produces changes in the promoter Figure 4A (n = 4), (G) podocytes treated with KLF4 siRNA or control RNA with or without ADM in the protocol of Figure 6 (n = 6), and (H) podocytes with KLF4 and/ or KLF15 siRNA for 48 hours (n = 6). *P < 0.05, **P < 0.01 vs. controls; # P < 0.05 versus the respective groups.
the final aim of reversing podocyte injury and achieving sustained suppression or even remission of proteinuria.
These results may have more important clinical implications, since proteinuria is not only an important component of chronic kidney diseases, but also a risk factor for cardiovascular diseases (30, 31) . Recent reports have shown that KLF4 is implicated in vascular (32, 33) and cardiac diseases (34) , so our findings suggest the possibility that a reduction in KLF4 expression in multiple tissues may provide a common mechanism linking cardiovascular and renal diseases.
In conclusion, our data indicate that KLF4 can modulate podocyte phenotype and function epigenetically both in vivo and in vitro. The results of this study suggest that the podocyte epigenome can be the target of direct intervention for the reduction of proteinuria.
To our knowledge, this is the first report describing the effects of the pluripotent reprogramming factor KLF4 on epigenetic remodeling in the kidney, and this may be relevant for understanding the mechanisms of reprogramming in other tissues. Furthermore, we found that KLF4 is not only expressed in podocytes, but can also cause widespread changes in promoter methylation, resulting in changes in the podocyte phenotype. This raises the possibility that in situ transfer of KLF4 (achieved in this study by gene transfer) or other methods to transiently alter podocyte KLF4 activity could induce epigenetic changes sufficient to cause reversal of podocyte injury and long-lasting reduction of proteinuria. Since conventional therapies have not always been successful in producing sustained suppression of proteinuria, treatment with reprogramming factors may provide a basis for new and innovative strategies, with Figure 8 ) into KLF4-overexpressing podocytes or control podocytes (n = 6). (E) Effect of KRE deletion on DNA binding to podocyte nuclear extracts analyzed by EMSA. Nuclear extracts from KLF4-overexpressing podocytes were pretreated with or without unlabeled competitor DNA or KLF4 antibody before incubation with labeled probes for EMSA to confirm specificity of the complexes. KRE (-) and (+) refer to probes with or without a deletion of the KRE sequence, respectively. **P < 0.01 vs. controls. † P < 0.05, † † P < 0.01 vs. the respective groups.
loidin red (Invitrogen). Quantification of PAS-positive areas and immunofluorescent staining were performed as described previously (13) . Images of 15 to 20 glomeruli per section or of all the glomeruli in the biopsy sample (for human samples) were acquired with a laser confocal microscope (LSM710; Zeiss). The glomerular area stained purple (for the PAS stain) or stained green (for the immunofluorescence experiments) was quantified by color channel analysis and pixel counting using Photoshop CS4 software (Adobe) and divided by the area of the glomerular tuft. The mean value of the control samples was assigned the arbitrary unit of 1.
Electron microscopy. Transmission electron microscopy was performed on glutaraldehyde-fixed, epoxy-embedded kidney samples. Immunoelectron microscopy was performed as described previously (39) . For the quantification of foot process effacement, the glomerular basement membrane (GBM) was traced and measured using an image processing and analysis program (Scion Corp.). The number of podocyte foot processes present was divided by the total length of the GBM and expressed as the number per micrometer of GBM length (40, 41) .
Laser microdissection. Laser microdissection was performed according to previous reports. Freshly frozen kidney tissue was cut into 7-μm-thick sections. Cryosections were excised using a P.A.L.M. MicroBeam IP 230V Z microscope for laser pressure catapulting (P.A.L.M. Microlaser Technologies) as described previously (42, 43) .
Cell culture and in vitro assays. The conditionally immortalized human podocyte cell line was provided by Moin A. Saleem (University of Bristol, Bristol, United Kingdom) (44) . Podocytes overexpressing KLF4 were obtained by stable transfection of the KLF4 expression vector pCMV-SPORT6-KLF4 or empty vector. Podocytes with tetracycline-inducible KLF4 expression were obtained by stable transfection of pTet-On-Advanced (Clontech) and pTRE-KLF4 into podocytes, and KLF4 expression was induced by administration of Dox (1 μg/ml). Experiments on stable cell lines were performed on at least 2 clonal lines to rule out a clonal effect. For the in vitro siRNA transfection studies, commercially synthesized siRNA oligonucleotides (listed in Supplemental Table 2 ) and control siRNA (HiGC; 12935-400) were purchased from Invitrogen and transfected into cultured podocytes according to the manufacturer's instructions. Albumin permeability was assessed by quantification of the passage of FITC-labeled BSA across the podocyte monolayer in differentiated podocytes (45) (46) (47) .
Western blot analysis. Podocytes were homogenized in RIPA lysis buffer supplemented with protease cocktail inhibitor (Invitrogen). Proteins were resolved by SDS-PAGE and transferred onto PVDF) membranes. Western blotting was performed as described by us previously (48), using antibodies listed in Supplemental Table 3 .
Real-time quantitative RT-PCR. Gene expression was quantitatively analyzed by real-time RT-PCR (38), using primers and probes described in Supplemental Table 2 .
Cloning and methylation of the human nephrin gene promoter. DNA fragments derived from the human nephrin gene promoter were obtained by PCR and subcloned into pGL3-basic plasmid (Promega) or pCpGfree-promoter (InVivogen) for assays of methylated and unmethylated promoter activity, as described in Supplemental Methods.
MSP and BGS. Bisulfite conversion of fragmented purified DNA was performed using the EpiTect Bisulfite Kit (QIAGEN). For MSP, bisulfitemodified DNA was amplified with methylation-specific or unmethylationspecific primer pairs. Methylated (Meth) and unmethylated (Unmeth) control DNA were produced by treatment of purified PCR product with or without bacterial methylase SssI, respectively. For BGS, bisulfite-modified DNA was amplified in a nested PCR with BGS1 and BGS2 primers. Amplified PCR products were cloned into TA cloning vector pT7-Blue and sequenced. Primer sequences used for the analysis of nephrin and vimentin promoter methylation are described in Supplemental Table 2 .
Methods
Animal treatment protocols. Studies were performed on 8-week-old male BALB/c mice or C57BL/6J mice obtained from Sankyo Laboratories. Glomerular injury was induced by treatment with ADM or puromycin. The doses and routes of treatment are described in detail in Supplemental Methods. Studies on diabetic mice were performed using C57BLKS/J db/db mice (Jackson Laboratories), which have been reported to develop detectable DN (35, 36) .
Generation of podocyte-specific inducible Klf4 transgenic mice. Tetracyclineregulated podocyte-specific inducible Klf4 transgenic mice (podocin-rtTA TetO Klf4) were generated by cloning mouse Klf4 cDNA into the plasmid pTRE-Tight-BI-DsRed-Express (Clontech/Takara Bio) to obtain pTREKlf4. After digestion with PvuI, the linear DNA fragment was microinjected into mouse ova for the generation of pTRE-Klf4 transgenic mice on a background of C57BL/6. pTRE-Klf4 transgenic mice were intercrossed with heterozygous podocin-rtTA (Pod/-) mice (Jackson Laboratories) to obtain podocin-rtTA TetO Klf4 on a mixed background of C57BL/6 and FVB/N. Expression of KLF4 in podocytes was induced in mice by administration of Dox (2 mg/ml) in the drinking water.
Generation of podocyte-specific Klf4 KO mice. Floxed Klf4 mice (Klf4 flox/flox ) on a background of C57BL/6, originally developed in the laboratory of Klaus H. Kaestner et al. (2) , were obtained from the Mutant Mouse Regional Resource Centers (University of Missouri-MMRRC, Columbia, Missouri, USA), supported by the NIH. In Klf4 flox/flox mice, recombination of the Klf4 loxP allele deletes exons 2 and 3 and causes a frameshift mutation in exon, which abolishes KLF4 function completely. Klf4 flox/flox mice were bred with transgenic mice expressing Cre recombinase under the control of the podocin promoter (podocin-Cre mice) on a background of C57BL/6, originally developed in the laboratory of Larence Holzman et al. (37) and obtained from Jackson Laboratory, to generate podocyte-specific Klf4-deficient mice. Female, heterozygous podocin-Cre mice were mated with homozygous, male Klf4 flox/flox mice. Female offspring (F1) heterozygous for both podocin-Cre and Klf4 flox/flox were bred back to the homozygous Klf4 flox/flox males. The offspring (F2 generation) that were homozygous for Klf4 flox/flox and heterozygous for podocin-Cre were considered KO mice, and their littermates that did not carry the podocin-driven Cre-recombinase insert were used as WT controls.
Gene transfer experiments. For the Klf4 gene transfer experiments, KLF4 expression plasmid (pCMV-SPORT6-KLF4, 1 mg/kg) or empty vector was administered systemically by rapid tail-vein injection for hydrodynamicbased in vivo gene transfer, as described previously (16) . For the Klf4 antisense cDNA experiments, Klf4 cDNA was subcloned in an antisense orientation into the plasmid pCMV-SPORT6, then administered as described above. Protocols for siRNA experiments are described in Supplemental Methods.
Biochemical studies. Urine collections were performed in metabolic cages; urine albumin and Cr concentrations were determined using a direct competitive ELISA kit (Albuwell; Exocell), and a Cr assay kit (BioVision), respectively.
Histological studies and immunofluorescence staining. The kidneys were removed and fixed in 4% paraformaldehyde and then embedded in paraffin blocks. Histological sections were stained with PAS solution, and a quantitative assessment of the PAS-positive area was performed as described below. Other kidney samples were fresh frozen in OCT compound. Normal kidney samples were obtained from patients undergoing nephrectomy for renal cell carcinoma. Immunofluorescence staining of cryostat sections was performed as described by us previously (13, 38) . In brief, sections were fixed in ice-cold acetone at 4°C prior to blocking with PBS containing 1% BSA, then incubated overnight at 4°C with primary antibody. After washing, the samples were incubated with a FITC-or rhodamine-labeled secondary antibody and detected using primary and secondary antibodies listed in Supplemental Table 3 . F-actin staining was performed using phal-
